Introduction
Silicon carbide has been an important platform for epitaxial thin-film growth [1] and is currently considered a promising candidate for the epitaxial growth of graphene [2] [3] [4] . Since the performance of thin-film devices based on SiC substrates critically depends on the film quality, the SiC surface preparation and control are crucial due to its strong impact on epitaxial growth. Therefore, it is of fundamental significance to study the SiC surface structure that is mainly driven by the surface stacking fault energy. In this paper, we present a preparation method for highly uniform step and surface terminations on 4H-and 6H-SiC(0001) and the quantitative determination of the 4H-SiCð0001Þ-p 3 Â p 3R30 -Si (4H-p 3, for short) surface structure.
4H-and 6H-SiC are among the most stable and widely studied SiC polytypes. As their name indicates, 4H and 6H have four and six bilayers in their primitive unit cell, respectively, as shown in Figure 1 . Consequently, the 4H and 6H surfaces have four and six possible terminations, respectively. The essential difference between 4H and 6H structures is the difference in the stacking position. It is safe to say that the surface termination is governed by the stacking fault location. We have employed annealing at a moderate temperature of 1,373 K in disilane to avoid some of the complications of high-temperature H 2 etching. Indeed, dark-field low-energy electron microscopy (LEEM) imaging and atomic force microscopy (AFM) show only a single termination on the 4H-and 6H-SiC(0001) surfaces with uniform step heights of half-unit-cell length.
The challenge of determining the surface termination essentially lies in determining the stacking fault positions, which are indicated by broken lines in Figure 1 . Despite a discernible total energy difference between different bulk stacking faults, identifying the stacking fault positions at surfaces is extremely difficult since the energy difference between different terminations is quite subtle. Thus, reliable experiential surface techniques to determine the buried stacking fault positions are urgently needed.
Most surface analytical tools such as low-energy electron diffraction (LEED), x-ray photoelectron spectroscopy, surface x-ray diffraction (XRD), and Raman spectroscopy are based on spatially averaged probing of micron-wide regions. Local structural probes such as scanning tunneling microscopy and AFM are based on surface scanning and are thus only imaging the topmost layer. In contrast, LEEM is an in situ real-time direct imaging technique capable of probing nanometer-wide surface regions [5] [6] [7] [8] .
As a novel quantitative analysis technique based on LEEM diffraction, we developed nanospot LEED (nLEED) to determine the surface atomic structure of 4H-p 3. As an improvement over previous attempts of microdiffraction in LEEM (LEED) [9, 10] , where a region of about 2 m is illuminated, we enhanced the resolution by an order of magnitude by restricting the illumination area to a single domain of about 200 nm. Compared with our recently developed LEEM intensity/voltage ðI=V Þ technique, which uses only the (00) beam at a spatial resolution of about 8.5 nm [11, 12] , the novel nLEED technique provides a larger data set containing multiple beams at a cost of a slightly lower resolution. Compared with conventional LEED intensity analysis, this technique eliminates uncertainties in the domain size ratio and thus increases the technical reliability. Therefore, this paper is expected to provide more accurate and definite surface structure information.
Experiments
In the process of preparing SiC substrates, the scratches and damages on SiC after grinding and mechanical polishing are usually removed with chemical-mechanical polishing, H 2 etching, or reactive ion etching. H 2 etching at a high temperature (1,673-1,973 K) [1] is most effective and widely adopted, but it tends to result in narrow and nonuniform flat domains [13] or step bunching [14] . We use an alternative approach of disilane etching at around 1,373 K. The successful attainment of uniform step and terrace structures is attributed to the multiple roles of disilane, i.e, etching to eliminate the mechanical damages, cleaning to remove surface contaminants, and supplying Si to avoid any surface graphitization.
4H-and 6H-p 3 surfaces are obtained by annealing at an elevated temperature of about 1,373 K at a background pressure of disilane at about 10 À6 torr [15] . This Si-reconstructed surface is stabilized by reduction of the dangling bonds on the 1 Â 1 structure, similar to the metal-adsorbed Si(111) surface. We chose the p 3 structure since it had been better characterized than other superstructures such as 1 Â 1, 3 Â 3, or 6 p 3 Â 6 p 3. Most structural studies of the p 3 Â p 3 SiC structure have been performed on the 6H-p 3 surface [16] [17] [18] [19] [20] [21] [22] [23] , whereas only one experimental [24] and some theoretical [15, 21] studies have been reported on the 4H-p 3 surface. In situ LEEM electron imaging and diffraction have been performed to observe the surface phases and to collect reflectivity spectra. All the LEEM experiments were performed in an ultrahigh-vacuum chamber with a base pressure of $1:0 Â 10 À10 torr. The surfaces were investigated in the dark-field imaging mode, i.e., by deflecting the incident electron beam, so that a nonspecular beam is directed through the aperture to image the surface. AFM has been used to confirm the step heights of all samples.
LEEM can be instantly switched to the conventional LEED working mode by removing the aperture in the back focal plane and tuning the relevant electronic lens. In the IBM LEEM-II system used, the illumination selector can be set to restrict the incident beam onto a very small area of the surface [6] . An illumination region of 200 nm in diameter is routinely achievable.
Dynamical electron diffraction intensity analysis
I=V curves are calculated for trial structures and compared with the experiment. The parameters of the trial structure are varied to give the best agreement with the measurement. The standard package symmetrized automated tensor LEED [25] has been used. Up to nine phase shifts [26] ðL ¼ 8Þ were used for the atomic t-matrix calculation. Four symmetry-inequivalent beams, i.e., (0,0), (1,0), (0,1), and (1/3,1/3), at normal incidence were compared. An R P reliability factor [27] was employed to measure the agreement level between the experimental and theoretical data. It is assumed that the residual value of R P at the minimum value R P min is ÁR P ¼ R P min Â ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 8jV im j=ÁE p , where V im is the imaginary part of the inner potential, and ÁE is the total energy range analyzed. From this residual and the curvature of R P near the minimum, we can estimate the uncertainty in the optimized parameters.
The electron kinetic energy values in the LEEM experiments (10-150 eV) are usually lower than those in the conventional LEED experiments (50-500 eV). This low-energy range can complicate the quantitative analysis because, within about 50 eV of the vacuum level, the mean free path of electrons in solids is strongly energy dependent [28] . Consequently, in calculations of the electron reflectivity, the inelastic damping potential (i.e., the imaginary part of inner potential V im ) cannot be assumed to be constant as in the conventional LEED I=V technique. In our calculation, we use the optical potential in the form of V im ðEÞ ¼ V damp E 1=3 , as proposed for low-index Ni [29] and Cu surfaces [30, 31] . We optimized the constant prefactor V damp as an independent nonstructural parameter, and the best fit value is 0.66. We included an overall constant shift V 0 for the real part of the inner potential as another nonstructural parameter. The Debye temperature of the bulk is fixed at 1,300 K [32] , whereas the atomic vibrational amplitude for the first layer is adjusted. LEEM diffraction images contain a contribution from inelastically scattered (and secondary) electrons. This contribution is directly measured by integrating the background intensity and has been deducted.
Results and discussion
Step and terrace structures In LEEM dark-field imaging, we used the (1,0) and (0,1) beams to compare the reflectivity values of the terraces. with respect to each other. These observations lead to a conclusion that the step heights are of half-unit-cell length since the terminations in 4H and 6H separated by a half-unit-cell height are equivalent to each other by a rotation of 60 .
Our AFM measurements also verified our conclusion. As a result, there are only two possible terminations on the 4H-p 3 surface, and we denote S 1 and S 2 as terminations with the topmost stacking fault underneath the first and second bilayers, respectively. Similarly, we denote three possible terminations on the 6H-p 3 surface, i.e., S 1 , S 2 , and S 3 , as terminations with the topmost stacking fault underneath the first, second, and third bilayers, respectively.
In this paper, the single-domain width is about 600 nm for 4H-p 3, and we illuminated the entire uniform area, as shown by the white circular spot in the bottom left part of Figure 2(a) , to reduce the statistical error. The sharp diffraction pattern at 23 eV is shown in Figure 2 (c). It shows threefold rotational symmetry among the first-order beams, i.e., the (1,0), (À1,1), and (0,À1) beams have the same intensity, different from the same intensity among beams (0,1), (À1,0), and (1,À1). It suggests single-domain diffraction and rules out contributions from two neighboring domains, which would give a sixfold symmetric pattern. Diffraction spectra, i.e., LEED I=V curves, are measured by ramping the electron kinetic energy from 20 to 100 eV. A diffraction pattern at 50 eV from a single terrace of 6H-p 3 is shown in Figure 2(f) , and the threefold rotational symmetry also holds. 
4H-and 6H-p 3 surface structures
A 4H-p 3 superstructure model has been previously proposed and tested both experimentally [24] and theoretically [21] . The consensus is that the p 3 adlayer is a T 4 -site Si layer, i.e., the topmost Si atoms are above the second-layer C atoms. This model is shown in Figure 3 . T 1 and H 3 sites are also indicated in Figure 3 (b). For each of two possible bulk terminations, we first tested all three possible sites and have found that the T 4 model gives a much better fit than the T 1 or H 3 model. In the next step, we compared the T 4 site on two bulk terminations. After careful analysis, it is found that termination S 2 has much better agreement than termination S 1 with the experimental data. This is indicated by a smaller reliability factor for S 2 ðR P ¼ 0:19Þ than that for S 1 ðR P ¼ 0:44Þ. To visualize the difference in the level of agreement, I=V curves are plotted for these two models against the experimental data, as shown in Figure 4 . The black solid curves represent the experimental data; the red solid and dotted blue curves represent the best fit data for terminations S 2 and S 1 , respectively. It is obvious that termination S 2 shows much better agreement than S 1 termination. For example, the peak at around 45 eV in beam (1,0) does not appear at all for S 1 termination. The superstructure obtained based on termination S 2 , as described below, shows a structure similar to the previously reported one. In contrast, the optimized structure based on termination S 1 is a nearly bulk-terminated surface, which, in addition to a much larger R-factor, is not favorable because of a large number of exposed dangling bonds. Thus, we conclude that the stacking faults are situated between the second and third bilayers.
The optimized values for the interlayer spacings are denoted by d i ðI ¼ 1; . . . ; 6Þ, i.e., the spacing between the ith and ði þ 1Þth layers. These layer numbers are also shown in Figure 3 (a). In the bulk-terminated surface, layers 3 and 4 (as well as 5 and 6) are actually in the same layer, but buckling due to the p 3 superstructure splits them into two sublayers. d 3 and d 5 denote the bucklings in the second and third layers, respectively. The T 4 -site-induced radial displacement of the atoms in the first layer is possible while retaining the threefold rotation symmetry. This displacement r relative to the threefold symmetry axis through the T 4 site is schematically shown in Figure 3 Table 1 , together with reported results from previous work. The Debye temperature for the topmost layer is found to be 500 K, much lower than the value of 1,300 AE 200 K for the bulk, which is characteristic of a soft surface layer. The real part of the inner potential, or the muffin-tin zero, is found to be 11.0 AE 1.5 eV. We estimate the errors in terms of a deviation of minimum R P factor, i.e., ÁR P ¼ 0:04 with V im ¼ À2:7 eV at E ¼ 70 eV, and ÁE ¼ 448 eV. This accumulated energy range could lead to an overestimation of the error bars, via ÁR P , compared with more typical values of about 1,500 eV in conventional LEED analysis. Hence, the conservative errors in the interlayer spacing are about 0.06 Å for the nonbuckled layers and about 0.04 Å for the buckled layers. It is noticeable that an evident buckling in the third layer, i.e., d 5 , occurs reflecting a deep impact from the surface reconstruction. Compared with most previous studies, we have obtained relaxation information down to the sixth layer. Considering the advantages of the nLEED technique over conventional LEED, we believe that our model is a more precise representation of the real surface structure.
As mentioned earlier, the 6H-p 3 surface exhibits step heights of half-unit-cell length, and the surface termination must be one of the three possible ones, i.e., S 1 , S 2 , or S 3 . We performed single-domain diffraction, extracted the I=V spectra, and found that the spectral shapes and structures are very similar to those for 4H-p 3. In our intensity analysis, termination S 1 could be ruled out, but it was difficult to distinguish terminations S 2 and S 3 . This is not surprising, considering that terminations S 2 and S 3 have the same topmost five layers, i.e., one p 3 layer and two bilayers. However, according to the findings that cubic growth is preferred on 4H-p 3 [15] , it is expected that termination S 3 is favored over S 2 . This indicates a trend that the stacking faults tend to be far away from the surface in order to minimize the surface stacking fault energy. This conclusion is also supported by concurrent first-principles calculations (private communication, V. B. Shenoy, Brown University).
Summary
LEEM and AFM investigations have shown uniform steps and terminations on 4H-and 6H-SiC(0001) surfaces, as prepared via moderate annealing in the ambient of disilane. By the novel quantitative nLEED technique, the surface structure of 4H-p 3 has been determined, and the stacking faults have been found to be between the second and third bilayers. The stacking fault position is suggested to be between the third and fourth bilayers for 6H-SiC(0001). Table 1 Optimum parameter values compared with previous experimental and theoretical results. The interlayer spacing between the ith and ði þ 1Þth layers is denoted by d i . r is the radial atomic displacement toward the threefold symmetry axis through the T 4 site. (DFT: density functional theory; LEED: low-energy electron diffraction; GXRD: grazing incidence x-ray diffraction, RHEED: reflection high-energy electron diffraction; PED: photoelectron diffraction.)
